The epidemiological feedbacks critical to the evolution of host immunity.
Introduction
During evolution changes in the dominant genotypes within a population lead to phenotypes 1 that may alter population ecological dynamics. Such ecological changes can in turn feedback 2 to change the selective pressures on the genotypes. These feedbacks can be complex even 3 in simple models, but by using an ecologically explicit approach to modelling evolution it 4 is possible to distill complex feedbacks into simpler combinations of biologically meaningful 5 selection pressures. In this study we analyse host resistance by reference to these feedbacks and 6 systematically compare how ecology feeds back to CSS investment for different combinations 7 of host and parasite interactions.
8
There is substantial variation in host defence and this is likely to reflect the wide range 9 of interactions between hosts and parasites. For example, parasites can damage their hosts 10 by causing a loss of fertility or increasing mortality and hosts may differ in their capacity 11 for immune memory. Despite the immunological complexity of defence, functionally it is 12 achieved through just a few routes (Boots & Bowers, 1999; Schmid-Hempel, 2002) . 'Tolerance' 13 mechanisms reduce the damage that infection causes while on the other hand, 'resistance' 14 mechanisms including avoidance, recovery and acquired immunity directly counter the parasite 15 (Miller et al., 2007) . Genes conferring resistance, since they reduce parasite fitness, in addition 16 to increasing host fitness, cause the prevalence of infection, a dynamic ecological variable, 17 to decline and so reduce the advantage of resistance (Haldane, 1949; Bowers et al., 1994; 18 Antonovics & Thrall, 1994; Boots & Haraguchi, 1999) . On the other hand, genes conferring Approaches to modelling evolution by natural selection differ in their treatment of 24 explicit ecology and genetics (Haldane, 1927; Dobzhansky, 1937; Cole, 1954 ; Maynard Smith 25 * Author for correspondence (rd118@hw.ac.uk).
Methods

(a) Epidemiological Model
56
Following the methods of Anderson & May (1979) , we consider a system of non-linear 57 ordinary differential equations that compartmentalises total host population density, H into 58 susceptible, S, infected, I and immune/recovered, R, densities 59 dS dt = a(S + µI + R) − q(S + µI + R)H − bS − βSI + (1 − ν)γI + δR (1)
All parameters are non-negative and µ, ν ∈ [0, 1]. Hosts die at natural death rate b. Hosts 60 produce susceptible offspring at rate a which is limited by intra-specific crowding, q, so that reproduce while infected when µ = 0 or there is no effect on host reproduction when µ = 1.
67
Transmission of infecteds is a mass action process between susceptible and infected types, with 68 transmission coefficient β. Infected hosts suffer additional disease induced mortality (virulence) 69 at rate α. Infected hosts recover at rate γ, and a proportion of these recoveries, ν, acquire assume that costs are paid through decreased host fecundity (i.e. we make avoidance, recovery
86
and acquired immunity decreasing functions of host reproduction rate).
87
In evolutionary invasion analysis (Metz et al., 1996 ; Geritz et al., 1998), invasion fitness,
88
Θ, is the asymptotic growth rate of a population of mutant hosts introduced at low density 89 into an environment set by a population of resident hosts at equilibrium, i.e.
In equation 4 r and m denote resident and mutant, and we are evaluating the resident 91 population at its dynamic equilibrium (i.e. H r =Ĥ r ) while in contrast the mutant population 92 is so rare it has no impact on the dynamics (i.e. H m = 0 
where 
Since the first term in equation 7 is equivalent to the fitness of uninfected hosts, the second 105 term provides an exact expression for the fitness loss due to infection. It is equal to the product 106 of prevalence in the mutant population and harm caused by infection, henceforth denoted D
107
i.e.
This shows that infection can be fought with two distinct strategies that offset fitness loss, evolution. When the parasite has no effect on fertility, CSS investment in resistance with
where the numerator in equation 10 represents net cost and is therefore denoted by C, i. feedback on investment we consider in detail the evolution of avoidance in a host population.
171
For simplicity we assume that the host has no ability to recover from infection (γ = 0) and 172 that an infected host does not reproduce (µ = 0).
173
A mutant host will be born susceptible and will either die susceptible or become infected. 
180
From the expressions for T S and T I we find proxy terms for prevalence and susceptible 181 frequency (Boots & Bowers, 1999 )
Differentiating the proxy for prevalence, equation 14, with respect to resistance (in this case so that benefit can be further simplified to
where equation 18 follows from equation 17 because of the equilibrium condition from equation 
Results
201
Following the procedure outlined in the previous section we present expressions in table 1   202 for CSS investment in resistance for various host-parasite frameworks and the main routes 
211
(2012) for more information on the simulation procedure).
212
We first consider pathogens that both prevent host reproduction when infected (i.e. µ = 0) 
220
When the parasite has no effect on fertility, the dynamic feedback is disease prevalence for 221 all forms of resistance, see on the proportion of mutants who are susceptible, as it is only they who pay the cost -infecteds 237 do not reproduce).
238
When acquired immunity evolves to counter pathogens that have no effect on fertility parasite has no effect on fertility, direct cost does not vary with model parameters. However,
243
benefit now reflects an increase in proportion of immunes rather than an increase in proportion 244 of susceptibles (amounting to a reduction in prevalence in both cases). As long as prevalence is 245 not low it is always beneficial to boost immunity and this is particularly true when prevalence 246 is high.
247
In the absence of immune memory, CSS investment in the two modes of innate resistance mediates between these two outlets (i.e. for low ν CSS recovery resembles avoidance, for high 255 ν it resembles acquired immunity).
256
The question of how CSS investment varies with life-history is entwined with how it varies 257 with the dynamic feedback. In some cases CSS investment features a density independent 258 coefficient term involving parameters from the host or parasite life-history, as, for example,
259
with the density independent case mortality coefficient in table 1 A2. Intra-host crowding, 
Wherever CSS investment depends on the natural mortality parameter through a have also pointed the way to a fuller model of the host population by including age structure.
418
Our analysis indicates that the main results generalise to age-structured host populations 419 but we additionally identify distinct feedbacks arising due to the age-structure. Therefore,
420
although the results that we present here give a thorough explanation of CSS investment Table 1 . Feedbacks to CSS investment in resistance, ψ * . We define a ∼ b to represent non−linear monotonic dependence of a on b i.e. any increase in b results in an increase in a, and any decrease in b results in a decrease in a. In the case of evolving recovery, ψ * represents investment in reducing the infectious period. In the case of evolving acquired immunity through the waning immunity rate, ψ * represents investment in the duration of immunity. Column 1 corresponds to host populations without immune memory and therefore ν = 0 for A1-B4 column 1. Column 2 corresponds to host populations with immune memory and for simplicity immunity is life-long and therefore ν = 1 and δ = 0. In B4 column 3 ν = 1 with δ > 0 while in column 3 δ = 0 with ν > 0. ii) Figure 2 . CSS investment in innate resistance to an infection that has no impact on host fertility where the host has no capacity for immune memory i.e. SIS population. In (a) the resistance is through avoidance while in (b) it is through recovery. In both (a) i) and (b) i) CSS investment depends on disease prevalence, I/H, while ii) and iii) throughout show the variation in investment as lifespan and crowding changes. Figure 3 . CSS investment in resistance to an infection that has no impact on host fertility where the host possesses life-long immune memory i.e. SIR population except in (c) which is SIRS (in the sense that an SIR or SIS route is taken depending on ν) since recovereds return to a susceptible state with a probability that is evolving. In panel (a), resistance is through avoidance, in (b) through recovery, and in (c) through the probability of acquiring immunity. See caption of figure 1 for the trade-off, ω(a) which effects transmission in (a) according to β = β0(1 − 0.4ω(a)), recovery in (b) according to γ = γ0(1 + ω(a)) and the probability of recovering to immunity in (c) according to ν = ν0(1 + ω(a)). In (a), (b) and (c): µ = 1. In (a): β0 = 1, α = 10 and γ = 0.1, ν = 1, q = 0.1, b = 0.05. In (b) α = 3, γ0 = 2.5, ν = 1, q = 0.1 and b = 2.5. In (c): α = 3, γ = 2.5, ν0 = 1, q = 0.1, and b = 2.5. CSS investment relies directly on natural mortality when avoidance or recovery evolves in a host population containing immune individuals or when acquired immunity evolves. This leads to curves for different values of natural mortality in figure (a) i), (b) i), and (c) i) . The value of b for each curve corresponds to the location of the red simulation marker in figure (a) ii), i.e. 1 corresponds to L = 1/2, 2 to L = 1/1.5, 3 to L = 1, 4 to L = 2, 5 to L = 10 and 6 to L = 20. In (b) ii) and (c) ii) the red markers also correspond to values of lifespan i.e. 1 corresponds to L = 1/4, 2 to L = 1/2, 3 to L = 1/1.5, 4 to L = 1, 5 to L = 2.5, 6 to L = 5, 7 to L = 10 and 8 to L = 100 where lifespan, L, equals 1/b. Closed circles and diamonds in each figure represent the final level of resistance from ODE simulations of the evolutionary process. Figure 4 . CSS investment in resistance to an infection that has no impact on host fertility where the host possesses waning immune memory i.e. SIRS population. In panel (a) resistance is through avoidance, in (b) through recovery, and in (c) through duration of acquired immunity. Note that while waning immunity is by necessity variable in (c) it is fixed in (a) and (b) (i.e. δ = 0.5) and ν = 1 throughout. See caption of figure 1 for the trade-off, ω(a), which effects transmission in (a) according to β = β0(1 − 0.4ω(a)), recovery in (b) according to γ = γ0(1 + ω(a)) and waning immunity in (c) according to δ = δ0(1 − ω(a)). In 14 Appendix S2, CSS investment in resistance when the pathogen has no effect on fertility
15
In the main text we consider pathogens who prevent fertility in infected hosts (i.e. µ = 0).
16
In this appendix we consider both innate and acquired resistance to pathogens who have no 17 impact on host fertility (i.e. µ = 1). We assume that recovery leads to waning immunity and Van Baalen (1998), the equations for the probability that the rare mutant invader is in each 24 of the classes, i.e. work for the model that assumes that δ = 0 and ν = ν(a)).
54
Appendix S3, Fitness criteria and the proxy replacements for mutant frequencies
55
In this section we demonstrate that replacing mutant prevalence by the expected proportion of 
On the other hand, we have the actual expression for invasion fitness, see equation 6 main 63 text. Here we show that equivalence of the two criteria implies that we can replace the rare 64 mutant frequencies with the expected proportion of the rare mutant's life that is spent in the 65 various classes.
66
Beginning with the lifetime reproduction criteria:
67 links the lifetime reproduction criteria, R > 1, and invasion fitness. This is the case because 69 the final term of S3.6 (the inverse of the mutant lifespan) is the death rate of mutant hosts.
70
Once the frequency replacements are made, the preceding terms in the second line of equation
71
S3.6 are also the death rate of mutant hosts and the terms cancel leading to
which upon making the frequency replacements is the invasion fitness split into classes as per classes.
77
Appendix S4, Ecological feedbacks due to host age structure
78
In this appendix we illustrate the extension of our results to a host population structured by
79
C age classes, using the example of evolving innate resistance. We assume that recovery leads
80
to immediate return to a susceptible state. A model of C age classes is given by,
I j + γ 1 I 1 − q 1 S 1 (S4.1)
dS n dt = q n−1 S n−1 − b n S n − β n S n C j=1 I j + γ n I n − q n S n , (2 ≤ n ≤ C − 1) (S4.3) dI n dt = q n−1 I n−1 + β n S n C j=1 I j − (α n + b n + γ n )I n − q n I n , (2 ≤ n ≤ C − 1) (S4.4) 
